Abstract: HW Vir systems are rare eclipsing binary systems including a subdwarf B star (sdB) with a faint companion, mostly M-dwarfs. Up to now, 19 HW Vir systems have been published, three of them with substellar companions. We report the spectroscopic as well as photometric observation of the eclipsing sdB binary PTF1 J011339.09+225739.1 (PTF1 J0113) in a close (a=0.722 ± 0.023 R ⊙ ), short period (P = 0.0933731(3)d) orbit. A quantitative spectral analysis of the sdB yields T e =29280 ± 720 K, log(g)=5.77 ± 0.09 dex, and log(y)=−2.32 ± 0.12. The circular orbital velocity of the sdB of K 1 =74.2 ± 1.7 km s −1 is derived from the radial velocity curve. Except for the strong reflection effect, no other light contribution of the companion could be detected. The light curves -recorded with ULTRACAM -were analyzed using the Wilson-Devinney code. We find an inclination angle of i=79.88 ± 0.18 ∘ . Because our first attempts to determine q failed, we calculated large grids of synthetic lightcurves for several mass ratios. Because of degeneracy, good solutions for different mass ratios were found -the one at q = 0.24 is consistent with the sdB's canonical mass (M sdB = 0.47 M ⊙ ). Accordingly, the mass of the companion is M 2 =0.112 ± 0.003 M ⊙ . The radii of the two components were also derived: R sdB =0.178 ± 0.006 R ⊙ and R 2 = 0.158 ± 0.009 R ⊙ . Thus, the results for the secondary are consistent with an M-dwarf as secondary.
Introduction
Hot subdwarfs (sdOs, sdBs) are core helium-burning stars with masses around 0.5 M ⊙ and very thin hydrogen envelopes that are located at the blue end of the horizontal branch (see Heber, 2009 Heber, , 2016 , for reviews). They can be found in all Galactic stellar populations and are a possible explanation for the UV-upturn of early-type galaxies (Brown et al., 1997) . In order to form such an object, the progenitor star has to lose almost its entire hydrogen envelope during the red-giant phase. Even though, the exact evolutionary tracks are unknown today, binary inter-actions seems to play an important role for the emergence of sdBs because a large proportion of hot subdwarfs (40 to 80 %) is in close binary systems (Maxted et al., 2001; Napiwotzki et al., 2004) . Han et al. (2002 Han et al. ( , 2003 and Podsiadlowski et al. (2008) proposed several binary formation channels for sdB stars:
a) The first is called the "common envelope ejection channel" (CEE channel). In this scenario, two main sequence (MS) stars evolve in a binary in which the more massive primary star reaches the red giant branch (RGB) first. Near the top of the RGB, the primary fills its Roche lobe and mass transfer occurs. The mass transfer rate is so high that a common envelope (CE) is formed. Because of friction with the envelope, the two cores lose orbital energy and spiral towards each other. If the released orbital energy is high enough, the envelope can be ejected ending the spiral-in phase and a very close binary system remains. Depending on, whether one or two Roche lobe overflows (RLOFs) occur, the post common envelope (PCE) binary consists of a sdB and a late main sequence star -such as the HW Vir systems -or it comprises a sdB and a white dwarf (WD). All sdB stars, that evolved from low mass stars and result from the CEE channel, should have masses just above the critical core mass for the helium flash. Their mass distribution peaks near the canonical mass (0.47 M ⊙ ). b) The second scenario is the "stable Roche lobe overflow channel. As seen before, again, the primary fills its Roche lobe near the RGB tip. The main difference to the CEE channel is that the mass transfer is stable and, hence, does not provoke a CE nor does it lead to a spiral-in phase. Rather, the red giant loses most of its envelope by the Roche lobe overflow. After the hydrogen envelope has been almost completely transferred, the mass transfer stops and a binary system comprising a sdB star with a MS companion remains. SdB binary systems, which passed the stable RLOF, are predicted to have periods between 10 and 1000 days.
Several studies examined the orbital parameters of shortperiod sdB binaries (e.g. Morales-Rueda et al., 2003 , or Edelmann et al., 2005 with the result that the found periods range between 0.05 and more than 10 days with a peak around 0.5 and 1.0 days. Hence, for these close binary sdBs, common envelope ejection (CEE) is the only viable formation channel. For almost 40 years it has been known that close binaries, which consist of a sdB and a late MS star, do exist (Kilkenny et al., 1978) . Getting information about the companion's parameters from spectroscopy and photometry is not easy, because the companion is so faint. The radial velocity curve of the sdB and the reflection effect -caused by the heated hemisphere of the companion -are the best tools to investigate the parameters of the secondary. Single-lined sdO/B+dM binaries, that do show eclipses as well as reflection effects, are called HW Vir systems. Most of them have short periods (∼ 0.1 d) and a late M-dwarf as companion, but also systems with brown dwarfs as secondary were described (e.g. Geier et al., 2011) . Currently, only nineteen HW Vir systems are known (see Schindewolf et al., 2015; Schaffenroth et al., 2014a,b) . HW Vir systems are quite important as they offer the opportunity to measure all stellar parameters of the systems. The analysis of the spectra yields the radial velocity (RV) curve and the atmospheric parameters of the sdB. The light curve analysis gives the inclination i.a. and the mass ratio q of the system and by means of the canonical mass, that remains valid for HW Vir systems (Han et al., 2003) , we can derive the mass of the companion.
In this paper, we report a new HW Vir system discovered with the Palomar Transient Factory (PTF) program and present the observations as well as the spectroscopic and photometric analysis of this binary which was previously being handled as a white dwarf candidate. Kao et al. (2016) analyzed this system as part of a larger sample. In this connection, PTF1 J011339.09+225739.1 (shortcut: PTF1 J0113) turned out to be a binary consisting of a sdB and an M-dwarf with a magnitude of R = 16.98 ± 0.56 mag.
PTF was a fully-automated, wide-field survey using a 8.1 square degree camera mounted on a 1.2 m telescope at the Palomar Observatory for a systematic exploration of the optical transient sky (Law et al., 2009) . In 2012, a follow-up project, called intermediate PTF or iPTF, started using a higher-resolution camera.
At first, we describe the spectroscopic and photometric observations (see Sect. 2), then their analysis in Sect. 3 (spectroscopy) and Sect. 4 (photometry). Finally, we summarize and discuss our results in Sect. 5.
Observations

Spectroscopy
In total, 43 spectra of PTF1 J011339.09+225739.1 (shortcut: PTF1 J0113) were taken, of which 21 were recorded at the Palomar 200-inch telescope (P200) with the Double Spectrograph (DBSP) using a low resolution R ≈ 1500 (Oke & Gunn, 1982) and 22 spectra at the Keck II 10m-telescope with the Echellete Spectrograph and Imager (ESI) that offers a higher resolution R ≈ 8000 (Sheinis et al., 2002) . All spectra exhibit strong Balmer lines, that are broadened by the Stark effect, as well as weak helium lines.
We started our analysis by investigating the DBSP spectra: The DBSP is using a dichroic to split the light into a blue and a red channel. The wavelength ranges are λ = 3800 − 5700 Å for the blue and λ = 5500 − 10000 Å for the red parts. To prevent orbital smearing, the exposure time was set to 180 and 300s respectively for each spectrum. Furthermore, a blaze grating with 600 lines/4000 mm at an angle of 27 ∘ 17" was chosen. The observations took place on Dec. 23, 2014 and Jan. 24, 2015 . Because radial velocities derived from the blue and the red channel were discrepant, we also rereduced the raw spectra as described in Sect. 3. Original DBSP spectra were reduced using the Starlink packages kappa, figaro, and convert for the reduction and calibration (Currie et al., 2014) and the Pamela Code (Marsh, 1989) for the data extraction.
Additionally, we analyzed 22 Keck spectra taken with the ESI spectrograph, operated in the Echellete mode. The exposure time was set to 360 s, the wavelength range covered λ = 3950 − 10500 Å, and the observation took place on Jul. 8, 2016. The ESI data were reduced with the pipeline Makee.¹
Photometry
To conduct the photometric analysis, we used a light curve that was recorded with the ULTRA fast CAMera (ULTRA-CAM) at the 4.2 m William-Herschel telescope (WHT) on La Palma. ULTRACAM is a transportable, high-speed 3-channel-imager (Dhillon et al., 2007) . For the observation of PTF1 J0113, that took place on Sep. 21, 2015, bandpassfilters in the blue, green, and red (u 
Spectroscopic analysis
For the following analysis, we used the Spectrum Plotting and Analysis Suite (SPAS, Hirsch 2009) . SPAS is based on a χ 2 -minimization procedure described by Napiwotzki (1999) using the downhill simplex algorithm.
Radial velocity curve
Initially, we utilized the spectra prereduced at Palomar. Since the system is classified as a HW Vir type, the spectra are single-lined and the radial velocity can easily be measured by fitting a combination of Gaussian, Lorenzian, and polynomial functions to the absorption lines in the blue and red part of the spectrum, respectively. Because the wavelength interval for the red part is 5500 − 10000 Å, only the Hα line could be used, while in the blue the Balmer hydrogen lines H β − H9 as well as the weak He I 4471 Å line are available. In the blue part of each spectrum, all given lines were fitted simultaneously by the χ 2 -minimization and the wavelength shifts with respect to the rest wavelengths are measured. Subsequently, the radial velocities and their related 1σ-uncertainties were calculated from Doppler formula.
Because the orbital period is short, the orbit should be circular. For this reason, we assumed the eccentricity of the system e to be zero so that the radial velocity curve (RV curve) is sinusoidal. Hence, we fitted a sine curve to the RVs derived from the blue part of the spectra and another to the RVs that we had measured for Hα in the red channel. Figure 1 illustrates the best-fit solutions for the blue (left) as well as for the red part (right) of the recorded spectra. We derived semiamplitudes of K 1,blue =95 ± 4 km s −1 in the blue and K 1,red =46 ± 7 km s −1 in the red so that the semiamplitude for the blue part of the spectra would be twice as large as for the red. Also, the reduced χ 2 are quite poor -χ 2 red =1.72 and χ 2 blue =2.10, respectively. A detailed analysis of these deviations between the blue and the red brought multiple conspicuities to light: -When we compared the measured radial velocities of the blue and the red channel for each spectrum, we found large shifts varying widely up to 200 km s −1 . -The most important problem is the fact that just four calibration spectra per night have been recorded (two at the beginning and another two at the end of each observation night). We suspect that flexure of the spectrograph mainly causes the calibration problems -circumstances which would require calibration spectra to be taken with the science spectra.
Hence, there was a need to check the data reduction and calibration. First, we validated the position of the telluric lines that can be found only in the red part of the spectra and, therefore, the radial velocities from Hα should be reliable. Nevertheless, we decided to obtain the raw spectra and repeat the data reduction and calibration with another program. The ESO Munich Image Data Analysis System (MIDAS) therefore was used. At the P200 telescope a FeAr-lamp was used for the calibration in the blue and a HeNeAr-lamp in the red. An important preliminary step to the wavelength calibration consists of identifying the emission lines of the recorded calibration spectra which are then used to determine the dispersion relation. This step is necessary because MIDAS needs a few lines (three or more) to be manually identified, before it can associate the other emission lines of the calibration spectra by comparing the identified lines with the line catalogue available in the system. The calibration lines were detected with a simple thresholding algorithm. The identification of the lines was done by a manual comparison of the calibration spectra with the NIST catalogue. We initially started to examine the FeAr spectra and the calibration of the blue spectra. All emission lines of the FeAr spectra could be identified and the calibration of the spectra of PTF1 J0113 proceeded smoothly. For the calibration of the red channel, the same procedure as for the blue was performed. However, we failed to identify some emission lines of the calibration lamp and could not derive the dispersion relation. For this reason, we had to calibrate individual sections of the spectrum around Hα as well as two telluric bands. The latter were found at the correct wavelengths and we concluded that the Hα radial velocities should be reliable. We used the cross-correlation³ technique to determine the radial velocity which considers the wavelength-dependency of the Doppler effect. Here, a model spectrum of the same resolution is compared and shifted to the red channel of the sdB spectra until the similarity reaches a maximum. For comparison, the crosscorrelation technique was also used for the blue channels of the spectra. We used the data analysis software isis (Interactive Spectral Interpretation System) to carry out the cross-correlation.
Comparison of the radial velocities of the blue parts of the spectra to the red parts revealed that still huge dif-3 The cross-correlation is defined as the measurement of similarity of two spectra as a function of displacement.
ferences between v rad,blue and v rad,red can sometimes occur, but -in contrast to our first approach where the two channels of each spectrum barely matched -the calculated RV values correspond now in the blue and red for at least half of the spectra (see Table 1 ). There are two possible explanations for this: Firstly, the errors, that were caused by the previous calibration problems, could not be sufficiently corrected or, secondly, the Hα-based RV varies with the orbital phase due to a strong reflection effect filling in the line core as described by Heber et al. (2004) . However, we needed better spectra with a higher spectral resolution and a better signal-to-noise (S/N) ratio to resolve this issue.
For this reason, 22 spectra of PTF1 J0113 were recorded with the Keck II 10 m telescope (see section 2). As before, SPAS was used to measure the RVs by fitting a combination of several functions to the absorption lines. Because the covered spectral range was smaller than for the DBSP data, less Balmer hydrogen lines could be used for analysis, namely Hα-H δ . The results are given in Table 2 . The Keck spectra revealed consistent radial velocities derived from each Balmer and the He I 4471 Å line. Hence, the shift, which we saw in the DBSP spectra, is not caused by the reflection effect. The RV curve can be derived, since the system is single-lined and the orbits are circular. A comparison of the best sinusoidal fit curve to the measured radial velocities is shown in Figure 2 velocity is γ 1 =−51.1 ± 1.7 km s −1 . The standard deviation of each parameter is regarded as its 1σ-error. According to Figure 2 , the RV curve shows deviations around phase 0.5 that most likely originate from the Rossiter-McLaughlin effect.
Atmospheric parameters
The atmospheric parameters have been determined by fitting model spectra to the hydrogen Balmer and helium lines, after the single spectra were corrected to zero velocity. Therefore, we used the Keck spectra because they have a higher spectral resolution and a better S/N ratio compared to the DBSP spectra. The model spectra were computed with the help of LTE model atmospheres that were calculated by Heber et al. (2000) with solar metallicity and metal line blanketing. Matching the synthetic hydrogen Balmer lines (Hα -H δ ) and the He I 4471 Å line profiles to the observed spectra (as shown in Figure 3 ) resulted in the determination of effective temperature T e , heliumto-hydrogen ratio log(y) = log( n He n H ), and surface gravity log(g) of each spectrum. First fit attempts showed, that the recorded absorption lines were broader than predicted, which is why we also had to consider rotational broadening. By using SPAS, we could measure the projected rotational velocities of each spectrum using a rotational-line profile as described by Slettebak (1985) . The results for the 22 Keck ESI spectra are summarized in Table 3 . Because spectral line profile variations caused by contamination by reflected light from the secondary could be present e.g. as observed for HS 2333+3927 (Heber et al., 2004) , we determined the atmospheric parameters for each orbital phase from every single spectrum. However, in contrast to HS 2333+3927, we did not find any phase dependent variations of the atmospheric parameters to within error limits. Therefore, we adopted the average values of T e =29280 ± 730 K, log(g)=5.77 ± 0.09, and log(y)=−2.32 ± 0.12. The projected rotational velocity was found to be v · sin(i)=82.8 ± 12.9 km s −1 . The atmospheric parameters, which we calculated for every single spectrum, were combined to obtain a higher precision for the derived parameters. These results are consistent with a typical subdwarf B star.
Furthermore, we checked the position of PTF1 J0113 in a T e − log(g) as well as in a T e -log(y)-diagram and compared this to the currently known HW Vir systems. Its position in the T e − log(g)-diagram (see Figure 4 ) is typical for a sdB star. The system's place close to the zero age extreme horizontal branch (ZAEHB) hints at a young post common envelope binary. (Dorman et al., 1993) . In addition the zeroage extreme horizontal branch (ZAEHB) as well as the terminal age extreme horizontal branch (TAEHB) and the helium main sequence are shown.
In Figure 5 , the position of PTF1 J0113 in a T e − log(y)-diagram is compared to those of the other currently known HW Vir systems. Edelmann et al. (2003) discovered a strong correlation between the helium abundance and the effective temperature of sdBs. They also showed that the sdB stars are separated into two sequences, where the minority (∼ 15%) has a much lower helium abundance compared to the rest. The position of these two groups in Figure 5 . Position of PTF1 J0113 and of the other HW Vir in a T e − log(y)-diagram. The dash dotted lines describe the relation found for normal helium abundances of sdB stars (Edelmann et al., 2003) .
a T e − log(y)-diagram can be described by means of two linear regression lines, given by log(y) = −3.53 + 1.35 · ( −2.00) for the minority of sdB stars. Figure 5 demonstrates that sdBs, which are part of a HW Vir system, are showing the same properties as normal sdBs as well as that PTFS11301s is located near the upper regression line. Hence, this system is part of the sdB's majority population.
Photometric analysis
The three light curves show prominent reflection effects, with amplitudes around 10% as well as primary and secondary eclipses (see Figure 7) .
The reflection effect is caused by a significant difference of the effective temperature of the binary components and bound rotation so that the hemisphere of the cooler star, which is facing the hotter one, is heated up. Across the orbit, we can sometimes see more, sometimes less of the secondary's heated hemisphere. For this reason, the measured intensity of the close binary changes sinusoidally during one period. The primary minimum is very pronounced, the flux descending almost to 50% of the flux at phase 0.25 (see Figure 6) .
For further analysis, the light curve was normalized to 1 at phase 0.25. We determined the ephemeris by fitting inverse Gaussians to the primary minimum with the help of gnuplot. As the ULTRACAM light curves only cover one orbital cycle, an accurate determination of the period from this data is not possible. Hence, for the ephemeris, we used the PTF light curve that contain two primary minima. We received the period using the Lomb-Scargle periodogram, and with the help of a bootstrapping method, we derived the related error. The ephemeris of the primary minimum was found to be:
where the error of the primary minimum is the standard error.
For the photometric analysis, we phased and normalized the three ULTRACAM light curves. The light curve analysis was performed using the MOdified ROche program (MORO, see Drechsel et al., 1995) which is based on the Wilson-Devinney code extended by a modified Roche model including radiation pressure effects.
Because MORO needs the light curves to be symmetric around the second minimum at a phase of Φ = 0.5, we had to postpone the left half of each light curve by one orbital phase, as shown in Figure 6 . The u ′ -band light curve could not be used because of an inadequate air mass correction.
Trends are apparent in the g ′ -and r ′ -band light curves, but are not corrected. MORO has different modes for various applications. Here, we used the second WilsonDevinney mode of MORO, which is intended for detached and semi-detached binaries with a temperature dependent luminosity of the companion. Owing to the high luminosity ratio of the system, where the companion is almost exclusively contributing via a reflection effect, the resulting temperature of the companion is not reliable. The number of free parameters is quite large (12+5N, where N is the number of used light curves) and constitutes the main problem of light curve analysis, because too many free, partially correlated parameters tend to result in underdetermined solutions. Therefore, some of them had to be fixed making use of the spectroscopic results as well as of theoretical constraints. It is important to note that the mass ratio q -besides the inclination, it is the parameter with the strongest effect to the light curve -strongly correlates with other parameters, such as the Roche potentials Ω or the component radii, and causes a degeneracy of solutions. For this reason, we fixed the mass ratio at preselected values while adjusting the other parameters.
We kept the following parameters fixed: The effective temperature of the primary as well as its surface gravity were taken from the spectroscopic analysis (see Sect. 3.2). The gravity darkening exponent g 1 of the sdB star can be set to 1, as expected for stars with radiative envelopes (von Zeipel, 1924) . The secondary is a cool, late type main sequence star with a convective envelope. According to Lucy (1967) , its gravity darkening exponent can be fixed at 0.32. Using the tables of Wade & Rucinski (1985) , the sdB star's linear limb darkening coefficient was interpolated and set to x 1 = 0.190. The radiation pressure of a star depends on its effective temperature and, since late type stars show low temperatures, the radiation pressure effects of the companion are negligible and the related parameter δ 2 of the companion could be set to zero (Drechsel et al., 1995) . Furthermore, we found no indication for a third light, which is why we set l 3 to zero. We also fixed the value of bolometric albedo of the sdB at A 1 = 1 because every HW Vir system, that was analyzed with MORO, was close to this value (see e.g. Schaffenroth et al., 2014b) . All other parameters such as inclination or the Roche potentials were left as free parameters and are listed in Table 4 .
We checked a wide range of mass ratios between 0.10 and 0.30, because our first attempts to obtain the RV curve from DBSP spectra proving inconsistent. A lower limit to the mass ratio was found at q = 0.13, where the companion fills its Roche lobe. For this reason, we constrained the mass ratio for the detailed analysis to 0.13 < q ≤ 0.30 and calculated for every mass ratio a large grid of synthetic light curves. Both, g reason we double weighted the "better half" of the light curves between Φ = 0 and 0.5, which gave improved values for σ t . Due to the large number of correlated parameters it is not possible to find a unique solution from the light curve alone (Schaffenroth et al., 2013) . Hence, we used the spectroscopic results to further constrain the range for the mass ratio. Using the canonical sdB mass and the inclination, which is well constrained by photometry, we got q=0.238 ± 0.006 for the system's mass ratio. For this reason, we adopted q = 0.24 to be the best light curve solution. The averaged results for the five best fits at this mass ratio are given in Table 4 . The best fitting models together with the data of the ULTRACAM light curves are shown in Figure 7 . We find a companion mass of Mcomp=0.112 ± 0.003 M ⊙ . The system is seen under an inclination angle of i=79.88 ± 0.18 ∘ . While the primary is spherical, its cool companion shows ellipsoidal deformations (see Table 4 ). Our solution required an albedo of the companion that exceeds 1 (A 2 = 1.47) demonstrating that a simple reflection approach fails. The same effect has already been concluded for other HW Vir systems (see Schaffenroth et al., 2013; Schindewolf et al., 2015) .
Summary
We find that PTF1 J0113 is an eclipsing binary with an orbital period of P = 0.0933731(3)d. This system also shows a strong reflection effect at an inclination of nearly 80 ∘ . After some problems with the Palomar spectra, we derived a well-defined RV curve with a semi amplitude of K 1 =74.2 ± 1.7 km s −1 from Keck ESI spectra. A quantitative spectroscopic analysis yielded T e =29280 ± 720 K, log(g)=5.77 ± 0.09, and log(y)=−2.32 ± 0.12, which are typical values for sdB stars, in particular for reflection effect systems (see Table 4). Adopting the canonical mass, we obtained q=0.238 ± 0.006 for the mass ratio by using the mass function, RV curve results, and the canonical sdB mass. With the help of the results of photometry we were able to constrain the mass, radius, and temperature of the secondary to be Mcomp=0.112 ± 0.003 M ⊙ , Rcomp=0.158 ± 0.009 R ⊙ , and T e ,comp =2705 ± 680 K. The radius of the sdB was found to be R sdB =0.178 ± 0.006 R ⊙ ⁵. These results indicate that the companion is a late M-dwarf. Using the canonical mass and the previously determined radius of the sdB, we can calculate log(g) phot and compare it to the value of the surface gravity which we derived from spectroscopy. The photometric surface gravity was found to be log(g) phot = 5.61 ± 0.04, and thus the photometric result is a little lower than the one derived from spectroscopy. In summary, our results are showing an eclipsing system that contains a sdB star and an M-dwarf and, hence, this binary is of HW Vir type.
We obtained v rot =82.8 ± 12.9 km s −1 for the rotational velocity. Because the binary system is so close, we might expect the sdB's rotation to be tidally locked to the orbit as observed for some other HW Vir stars. However, the star turns out to rotate slightly more slowly than expected for bound rotation (96.8 km s −1 ). The sdB star might have emerged from the common envelope phase only recently (see Sect. 3.2) . Therefore, tidal forces may not have had enough time to spin the sdB up to synchronism.
